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Abstract
The present study examines the motion of micron-sized particles in turbulent gas
flows and the effect of particle inertia on the aerosol velocity statistics. A wind tunnel
has been designed and constructed to be used as the experimental vehicle for small
particles. Polydispersed particle distribution is generated by water humidifying-type
sprayers located in front of the tunnel inlet section. Our interest is concentrated on
light mass-loading of the flow and on particles which possess relatively small inertia.
A previous study of particle motion in a turbulent jet, Simo [12], suggests that a strict
criterion for subinertial particles would be a ratio of particle relaxation time to local
Kolmogorov time scale r/7k = 0.01, and for particles of slightly larger inertia, an
energization occurs, reflected in an increase of particle fluctuating velocity compared
with the gas-flow fluctuations. This work is designed to confirm the trend observed,
and overcome the difficulties confronted earlier, specifically on the issues of particle
evaporation, and high microscale Reynolds number, RA.
Two types of turbulent flows are studied: turbulence after a biplane grid located at
the inlet of the test section, and fully developed turbulent flow inside a plane channel
test section. The same series of particle velocity response measurements were made
in both experiments, and compared with the free-turbulent jet results.
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Title: Associate Professor of Mechanical Engineering
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Chapter 1
Introduction
The motion of small particles suspended in a turbulent flow is a problem of high prac-
tical importance both industrially and environmentally and has received considerable
attention in the past. Nevertheless, most interest has been put upon evaluation of
steady-state particle diffusion coefficients in homogeneous turbulence, and still less
is known, either theoretically or experimentally, about the effects of turbulence in
particle movement.
Recently, a great deal of interest regarding aerosol behavior and its impact on
the environment has stimulated a desire among scientists and researchers to pursue
an understanding of micron-size particle motion. Particle motion has been studied
in depth, but primarily in terms of bulk properties of densely-loaded flows of heavy
particles. Very little is known about the precise behavior of small particles moving
in a turbulent flow. It is of special interest to enhance our understanding about
this phenomenon. Several processes such as particle motion in the atmosphere and
precipitation, fuel injection, combustion and so on, involve suspended particles in
turbulent flows. Not only do aerosols have importance in environmental pollution
control but they are also used as therapy for lung-related diseases.
Historically, the majority of the problems encountered in research on the behav-
ior of aerosols in turbulent flows has been due mainly to the absence of instruments
that can effectively analyze such small particles. Only recently the use of Laser
Anemometry has given reliability in the measurements of aerosol velocities. More-
over, researchers have modified Laser Doppler Velocimeters (LDV's) to simultaneously
record velocity and particle diameter for individual particles [1]. These instruments,
Phase Doppler Particle Analyzers (PDPA's), are a great aid in studies oriented toward
particle behavior in turbulent flows. They process the light scattered by a particle
passing through two intersecting laser beams. Aided by this instrumentation, we look
forward to analyze the behavior of small inertial aerosols in turbulent flows.
Following, we present a compendium of noteworthy investigation of researchers
that have worked in the pursue of the understanding of particle motion:
* Tchen [16], Lumley [8], recently Maxey [9], and many others have attempted to
predict particle dispersion directly from the dynamical equation describing the
motion of particles.
* Yudine [20] discussed the physical behavior of heavy particles with large ter-
minal velocities. The terminal velocity was presented as a measure of particle
inertia. Because of its effects, the particles do not completely follow the high
frequency fluctuations of the turbulence.
* Snyder and Lumley [14] attempted predictions of the quantities characteristic of
the ensemble of particle paths from a distribution of properties of an ensemble
of realizations of turbulent flows.
* Wells and Stock [19] suggested that the motion of particles in a turbulent flow
is governed by coupled effects of: the turbulent flow field, the particle inertia,
and the particle's free fall velocity. They implied that the particle inertia is
characterized by the particle relaxation time, and its effects are to cause the
particle rms velocity to be less than that of the fluid, and any increase in inertia
causes the particle to lag behind the fluctuating fluid velocity.
The proper scaling factor to determine the significance of the inertia effect ha.ve
remained unclear. Several people, Csanady [5], Meek and Jones [11], among others,
have tried scaling the particle relaxation time using the Eulerian fluid integral time
scale TE. This seems appropriate for the large heavy particles. Likewise, for small
(sub-inertial) and intermediate (mildy inertial) particles, it appears more appropriate
to use a faster time scale [14].
Results and findings of this project's previous study on the transport of inertial
aerosols in a turbulent jet [12] are presented using a dimensionless timescale based
on the ratio of particle relaxation time to the local Kolmogorov time scale, r7/k. It
has been shown that inertia plays an important role in attenuating particle motion at
large 7/rk = 1, which agrees with what is expected using classical Lagrangian theory.
For particles of low inertia, r7/rk .01, the velocity characteristics coincide with
those of the gas-phase turbulence. And surprisingly, for the intermediate size range,
the particles seem to be slightly energized, showing an increase in the particle rms
velocity v' compared to that of the fluid u'. However, as the ratio is increased inertial
attenuation grows, although more slowly than predicted by Lagrangian theory.
The comparison of the particle flow field to the gas-phase flow field is a problem of
two competing time scales: that of the particle response and that of the turbulence.
The first one is represented by the particle inertia parameter, or particle relaxation
time (7) [6], while the other could be expressed, placing our attention on slightly
inertial aerosols, in terms of the fastest time scale of the turbulent flow, the Kol-
mogorov time scale (rk) that characterizes the small eddies in which the particles are
embbeded.
The problem of finding the relationship between the particle and fluid element
velocity characteristics is then a manifestation of a well-known problem in turbulence
theory - the relationship between Eulerian and Lagrangian approaches. Several pos-
sible mechanisms may account for the disagreements with Lagrangian theory reflected
in previous research [12]. One is the presence of convective effects in the Eulerian
correlations. The second is the spatial bias of inertial-particle number density in
nonuniform flows [9]. We concentrate our efforts on explaining such discrepancies
encountered and on improving the Eulerian statistics of inertial particles.
In general, this work places emphasis in the velocity statistics of gas and particle
flow fields in two types of turbulent flows: the decay of isotropic homogeneous tur-
bulence produced by a grid localized at the inlet of the wind-tunnel test section, and
the fully developed turbulent flow inside a channel test-section placed in the wind
tunnel. The objectives in studying these flows are:
* To obtain measurements of particle velocity response in flows having lower mi-
croscale Reynolds number RA than the free-turbulent jet used by Simo [12].
This will reduce large-eddy variance relative to the small-eddy variance which
is primarily responsible of particle inertia effects. However, RA will still be big
enough that the large and small scales of turbulence are well separated.
* To eliminate previous concerns with laser-doppler velocity bias errors due to
the jet's high turbulence intensity.
* To analyze both a decaying turbulent field, in the case of the grid experiments,
and a steady turbulence in the channel flow, which is important since it is
probable that the rise in particle fluctuations v' occurs as result of the lagging
decay of v' relative to the flow fluctuations u'. In the channel flow, since the
steady character of the turbulence, such augmentation in the particle response
is not expected.
The final purpose of the present study is to strengthen the general knowledge in
this field, and to validate theoretical correlations postulated in previous work (Simo
[12]) i.e. determination of the role of particle inertia in the turbulent motion of
particles relative to the gas phase.
This thesis is organized as follows: the second chapter describes the features of
the experimental facility used in our experiments, while the third and fourth chapters
deal with the data collection procedure and results of the experiments. The final
chapter is a discussion of results and conclusion of our research. Recommendations
are given for the orientation of future work.
Chapter 2
Experimental Apparatus
A wind tunnel was used as the experimental apparatus that allowed the collection of
data in this study. Design and features of the tunnel were determined by requirements
imposed by flow field specifications. In order to achieve the objectives of this study,
instrumentation was selected to measure, simultaneously, particle diameter and veloc-
ity. This instrument is called a Phase Doppler Particle Analyzer (PDPA). In addition,
the gas-phase turbulent flow field is determined based both on the smallest particles
and on hot-wire measurements. Comparisons between the results obtained are made
and discussed [3]. These measurements are needed as a reference in order to explain
the behavior of inertial particles in turbulent flows.
2.1 Wind Tunnel
2.1.1 Features
The wind tunnel is an induction-type system. Air is drawn into the inlet. A hon-
eycomb and screen pack is located immediately to straighten the flow. Then it is
accelerated through an analytically-calculated contraction into the test section. A
diffuser is used afterwards to regain static pressure and the fan discharges the flow to
the atmosphere. See Figure 2-1.
Full details of the wind tunnel design and construction are given by Child [3]. For
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Figure 2-1: Wind tunnel diagram. Taken from Child [3].
sake of completeness, some results of that work are included herein.
Flow field requirements
A flat velocity profile (uniform across 95% the test section) is desired. The tur-
bulence level must be less than 0.25%. A velocity range of 5 to 15 m/s is sought.
It is mandatory that the test section possesses the uniform mean velocity profile
desired. These conditions must be maintained not only at the inlet, but throughout
the length of this section. Boundary layer growth will disturb profiles near the walls,
but is necessary to preserve a core region of the flow possessing the requisite behavior.
Under conditions of isotropic turbulence - that generated by the grid at the test
section entrance - a great deal about the flow field is known. The mean speed should
be constant across the cross-section. The root-mean-square (rms) velocity fluctuations
should have an uniform value across the cross-section. The design of the wind tunnel
has taken the latter into account and this was corroborated during its testing.
Turbulence manipulators
A bundle of soda straws and graduated screens were used to straighten the flow
)neycomb &
Screens
before the test section. This attenuation is highly improved by the contraction and
the required turbulence level, in the grid-turbulence experiment, is achieved by a
biplane grid located at the test section inlet, just after the contraction.
Aerosol seeding devices
An arrangement of compressed air operated liquid atomizing devices was installed
to seed the flow with aerosols (micron-sized water droplets). A defined spray pattern
was needed. Due to the dimensions of the seeding section (just after the wind tunnel
system inlet) and to space limitations a widely-diffused spray pattern is recommended.
This was achieved by using a Sprayvector Humidifying model. Nevertheless, testing of
the tunnel showed an inacceptable level of turbulence induced by placing the injectors
in the seeding section. Therefore, the water-atomizers were moved to the front of the
inlet section.
Testing results
The testing of the wind tunnel determined that the equipment performs as speci-
fied by its design. However, some irregularities were detected. It is of special interest
to take into consideration the following: the appereance of a small vertical velocity
gradient across the test section and the inability to seed the flow with particles di-
rectly into the tunnel seeding/settling section owing to the turbulence generated by
the liquid atomizers.
2.2 Instrumentation
2.2.1 Phase Doppler Particle Analyzer (PDPA)
The PDPA measures simultaneously the particle size and velocity. In this study a
PDPA manufactured by Aerometrics, Inc. has been used. In brief, the system consists
of a laser beam which sends (via an optical system) a signal which is processed by a
transducer and computer software. The signal processing system has various hardware
boards and software programs contained within an IBM-compatible 80286 machine
with a speed of 12 MHz and math coprocessor. All the data is then stored on Bernoulli
Memory Cartridges. Bachalo and Houser [1] give more detailed information on PDPA
theory. Simo [12] describes the hardware more fully.
2.2.2 Hot-Wire Anemometry
The gas-phase flow field along the test-section centerline was determined by means of
a TSI 1210 T1.5 hot-wire probe, connected to a bridge circuit manufactured by TSI,
Inc., the Intelligent Flow Analyzer (IFA-100).
The hot-wire probe was calibrated against a pitot-static probe with a MKS dif-
ferential pressure transducer. The values from both instruments are related through
King's Law by:
E2 = A + BUi (2.1)
where E is the voltage reading from the IFA, U is the velocity measured with the
pitot tube, and A and B are the calibration constants. The hot wire was calibrated
daily and the calibration constants were determined using a least squares curve fit
based on at least 10 points. An example of a typical calibration curve is presented in
Figure 2-2.
Mean velocity (U) measurements were taken from the IFA and fluctuating velocity
(u') measurements were based on true rms voltage readings from a digital multimeter,
Fluke model 8010A.
2.2.3 Filter of the hot-wire signal
Normally hot-wire anemometer systems have considerable intrinsic electronic noise.
For our equipment, this became apparent during the collection of the preliminary
data. The signal produced by the turbulence present in the flow was of the same
order of magnitude that the system's noise. In order to reduce the amount of noise
obtained, and to prevent from aliasing in the signal, we designed and fabricated a
low-pass filter with adjustable cut-off frequency.
Due to its popularity and ease to build, a third-order Butterworth-type low-pass
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Figure 2-2: Typical hot-wire calibration curve according to equation 2.1.
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filter was implemented. A commercial operational amplifier (OP-07), a set of switches,
and the appropriate combination of resistors and capacitors were used to fulfill the
design specifications [17]. As a result, three cut-off frequencies f, = 600 Hz, 2 kHz,
10 kHz were available with this filter. Figure 2-3 presents the frequency response
characteristics of such device.
The low-pass filter was set at fc = 10 kHz during the collection of data with the
hot-wire anemometer. This reduced considerably the amount of noise present in the
signal.
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Chapter 3
Procedure
In order to quantify the effect of particle inertia in the velocity response of aerosols in
homogeneous isotropic turbulence we have studied the motion of the particles in two
types of turbulent flows. First, we analyzed the decaying turbulence in the wake of a
biplane grid. Also, we investigated the fully-developed turbulent region in a channel
flow. Measurements of mean and rms velocities, and particle concentration (number
density) were made. In both experiments, the particle mass loadings were kept low
enough to avoid altering the gas-phase flow. Our attention is concentrated on particles
which possess relatively small inertia. In the following sections, the procedure for each
experiment is discussed.
3.1 Grid-generated turbulence experiment
A laboratory method of producing turbulence which is approximately homogeneous
and isotropic is to place a grid in a uniform flow. The random motion after the
grid dies away with distance from it, and to that extent the flow is not statistically
homogeneous. Nevertheless, the rate of decay is found to be so small relative to
the time scales of the turbulence itself that the assumption of homogeneity of the
turbulence is valid for our purposes [2]. Regarding the isotropy condition, in the
domain near the grid the flow is anisotropic and the turbulence at short distances
downstream of the grid is not isotropic. Most experimenters agree that for a distance
greater than 20 mesh-lengths from the grid, the isotropy condition is achieved [7].
3.1.1 Particle mean and rms velocities
To be consistent with previous work [12], we used throughout this study the follow-
ing notation: U is the gas-phase mean velocity; u' is the gas-phase fluctuating rms
velocity; V is the particle mean velocity; and v' is the particle fluctuating rms ve-
locity. The gas-phase velocities are determined in two different ways: inferred from
the velocities of the smallest particles using the PDPA, and from direct measurement
using the hot-wire anemometer.
In the study of the velocity response of inertial aerosols in turbulent flows, there
are two relevant parameters which must be taken into consideration [14]:
* the ratio of the particle relaxation time -r, defined as r = dp2pp/181t,, to the
smallest time scale of the motion rk, the Kolmogorov time scale, rk = (v/I).
Special consideration is given to such parameter throughout this thesis.
* the ratio of particle diameter d, to the smallest length scale 7k, the Kolmogorov
1
length scale, 7k = (v3/0 ) . The largest particle sizes considered herein (d, =
15 !tm) have diameters less than the Kolmogorov length scale of the turbulence,
viz. d, < 77k. The smallest particles have d/77k < 0.01. Therefore, the drag on
the particles studied is well-characterized by Stokes' Law.
3.1.2 Decay of turbulence
For grid-generated turbulence it has been established by Comte-Bellot and Corrsin
[4] and many others that over a wide range of Reynolds numbers and for different
grid geometries the turbulent energy decays downstream of a grid according to the
relation:
U 2  A( S) = A( M ) (3.1)
u' MM
where (U/u')2 is the inverse of the kinetic energy. The exponent n lies in a wide
range of n = 0.5 - 1.3, and xo is the virtual origin which is typically found between
zo = 2M - 15M [15].
3.1.3 Particle velocity response in terms of inertia param-
eter T/T-
Simo and Lienhard [13], using an Eulerian approach to the particle motion, derived
an interesting relation in order to predict the form of v' 2/u' 2 as a function of the time
scale ratio 7/rk. Considering the assumption of homogeneous turbulence and small
inertia particles, which is precisely our interest, the relation is as follows:
v' 2  2(vk)( 7 7 2
,7 1+ ( U)( + ( < rk (3.2)U' 3 U k Tk
where vk is the Kolmogorov velocity.
After working equation 3.2 throughly, we are able to present an equivalent expres-
sion showing the effect of RA explicitly. Such expression, valid only for homogeneous
isotropic turbulence, follows as :
2 1+ ( )(- + O() , r < rk (3.3)
u2 RA  ik Ik
The Eulerian-analysis result (equation 3.3) predicts an increase in v' relative to u'
provided the assumptions which it implies. Also it shows that the rise in v' should
be larger at smaller RA where the contribution of the smaller eddies to particle fluc-
tuations is highly significant.
In this work, the verification of such trend is intended. Moreover, we are interested
in corroborating experimentally equation 3.3, and in comparing our results with other
turbulent flows results i.e. free-turbulent jet [12].
3.2 Channel-flow experiment
The purpose of this experiment was to analyze the particle motion in a fully-developed
turbulent field. Two parallel plates were inserted longitudinally inside the test section.
The width of the channel was determined as a function of the blower capacity and
a minimum entry length needed to ensure fully-developed channel flow near the end
of the test section. Additionally, in order to reduce the entry length, the boundary
layers were tripped at the channel inlet using coarse sand paper. Thus, the channel
width was calculated to be w = 2 cm.
For the velocities at which the experiments were conducted, and for the specified
channel hydraulic diameter Dh "• 2w, the values of the flow Reynolds number obtained
were about 27,000, which confirms the flow's turbulent character. Regarding the
entry length, most experimenters agree in considering the flow as fully developed for
distances Z/Dh > 10. The flow development in the channel was roughly checked using
a pitot-static probe and it coincided with this standard criterion. Considering these
results, four measuring stations were chosen at x/Dh = 14, 16, 18, 20, respectively.
In the fully-developed state, the turbulence in the channel is uniform in the stream-
wise direction. The transverse velocity gradient will generate enough turbulent fluc-
tuations to produce large eddies. The larger eddies will produce smaller and smaller
eddies through inertial interaction, thereby transferring energy to the smaller eddies
(energy cascade). At the same time viscosity effects and, with them, dissipation be-
come more and more important in the smaller scale sense. Therefore, a balance of
the production and dissipation terms is achieved.
Thus, with this type of flow we had the opportunity of studying the motion of
aerosols in a turbulent field which does not decay in the streamwise direction.
Space limitations constrains us to collect the velocity response data using PDPA
measurements only. Checks of the gas-phase velocity against a pitot-tube standard
were done. The agreement between them was acceptable in all cases.
The basis for the calculations of the viscous dissipation rate e and microscale
Reynolds number RA are presented in the following chapter.
Chapter 4
Results
In this chapter, the results of the experiments are presented and discussed. A com-
parison to previous experiments is made.
It is important to mention the preliminary testing of the aerosol-wind tunnel that
was done with the purpose of assuring the good performance of the equipment, and
determining the conditions at which the experiments could be conducted [3]. From
these tests, the following was concluded:
* The mean velocity profiles show a small vertical velocity gradient across the
test section. The effect of this undesired shear stress was found to be negligible
as far as the evolution of the gas-phase turbulence is concerned. Possible effects
on the particle fluctuating motions should be taken into consideration in the
grid-turbulence experiment. Vertical migration of particles between the slower
and faster regions may cause an increase in the particle velocity variance.
* The particle concentration in cross sections of the tunnel test-section is suf-
ficiently uniform. Deposition of the particles due to gravitational effects is
negligible, owing to the absence of heavy particles (d, 2 0pm). Therefore, the
measurements were taken only at the centerline of the test section, and they
provide truly representative data of the core region of the flow.
* The tunnel background turbulence was a minimum at higher speeds. Experi-
ments were conducted at the highest speed produced by the blower under each
condition.
4.1 Grid-generated turbulence
Measurements were made along the centerline of the tunnel test-section. Seven inea-
suring stations were used in the streamwise direction (x), at distances from the grid
of x/M = 20, 25, 30, 35, 40, 45, 50, respectively, where M is the grid mesh-size. Data
were acquired for a biplane grid with a M = 1.59 cm and 36 % solidity. All runs had
a mean speed of about 10.5 m/s. At each station, 20 runs of 10,000 samples were
recorded and averaged using a code "average.pas" developed by Simo [12].
For these flow conditions, we were able to calculate a Reynolds number based on
the mesh-size ReM, defined as ReM = UM/vg, of about 10,000. This value is high
enough to sustain the assumption of homogeneous isotropic turbulence [7].
4.1.1 Number density and probability distribution
Number density measurements and size histograms are presented in this section.
Each size histogram is normalized by the total number of particles, and it is thus
more appropriate to call them particle probability distributions, i.e. which is the
probability that a particle will be of a given diameter. The sum of the individual
probability values is close to unity.
Figure 4-1 presents the number density N measurements at z/M stations. The
average value of N is about 250 particles/cc. These results confirm the experiment
intention of keeping low particle loadings.
Figure 4-2 shows the particle probability distribution determined at z/M stations.
We can see how the shape of the probability distribution is effectively maintained
along the streamwise direction x. As a result, we can conclude that evaporation of
the particles (which would distort the shape of the distribution) is negligible. This
improves on the results from previous work [12]. On the other hand, we were not
capable of producing sufficient numbers of large particles, owing to the seeding config-
uration that we were forced to use. Large particles were entrained by the honeycomb
located at the inlet of the tunnel [3].
4.1.2 Particle mean and rms velocities
The particle mean velocities are presented in Figure 4-3 as a function of particle
diameter for the seven z/M stations.
First, we observe a small variation (+2%) in the gas-phase mean speed for the
different stations. The calculation of the fixed opening angle for the top and bottom
of the test section to account for the boundary layer growth was made at a speed
somewhat different than the one used in the experiments. Therefore, some variation
in the gas mean speed occurs as we move downstream in the test-section.
Also, for the stations near the grid z/M = 20 - 35, an increase of the mean
speed with particle diameter is shown. The rise in the particle mean speed reflects
the effect of the initial conditions and the ballistic character of the larger particles.
Similar results were obtained by Simo in the jet experiment for the stations near the
nozzle [12].
Figure 4-4 displays the particle rms velocities as a function of particle diameter
for the seven x/M stations. The gas-phase rms velocity decreases with downstream
distance (decay of turbulence). Near the grid, at x/M = 20, the particle rms velocity
shows a decrease with particle size, and this trend persists up to z/M = 35. Farther
downstream, the curves flatten out for the particle diameter range studied. The iner-
tia of the large particles damps out the particle velocity fluctuations, and the particle
are unable to follow the high frequency fluctuations of the turbulence. Moving down-
stream, the turbulent time-scales grow, allowing opportunity for the large particles
to follow the fluctuations [12].
4.1.3 Power law of turbulence decay
PDPA and hot-wire data of the inverse of the turbulent kinetic energy is displayed
in Figure 4-5. It is readily noticed how the data agree with a power law according
to the form stated by equation 3.1. For the hot-wire data, the power law exponent
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Figure 4-1: Number density at z/M stations. Grid-turbulence experiment.
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Figure 4-4: Particle rms velocity v' vs. Particle diameter dp at z/M stations.
n = 0.47, and for the PDPA data n = 0.86. We did not bother in determining
the virtual origin because of the added complications which arise. So, for further
calculations it is assumed that a value of xo = 10M corresponds to the exponent
n = 0.86.
Reasons for the disagreement between the two instruments were determined in
the preliminary testing and discussed in detail by Child [3]. Briefly, a considerable
amount of electronic noise was present in the hot-wire measurements, even after low-
pass filtering the signal. As a result, the hot-wire data contained certain amount of
bias error. Therefore, the data from the PDPA was considered more representative
and it was used to determine the gas-phase flow field i.e. a exponent n = 0.86 was
applied in the decay law.
4.1.4 The viscous dissipation rate
Calculations of the viscous dissipation rate, e, were made using a simple model for
the dependence of the dissipation rate upon the mesh size and mean speed of the flow
[18]. This model is deduced as follows:
Starting from a standard definition of e [2],
S= 3n d (4.1)
2 dt
Then, we may use equation 3.1 to evaluate e as:
3n= u3Mn(x 
_  
)-(n+1)  (4.2)2A
and, if we normalize e using as independent variables u' and U, we finally get,
6 3n
(= (- Xz0) (4.3)2U -2
The calculated dissipation rate is shown in Figure 4-6 as function of x/M. The results
reflect the expected exponential decay of the viscous dissipation with distance from
the grid. Also, the values of e obtained are of the same order of magnitude that
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Figure 4-5: Decay of turbulence after the grid. PDPA and Hot-wire data. Inverse of
kinetic energy (U/u')' vs. z/M.
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similar experimental data for grid-turbulence [18]. The results will be used later in
this chapter to determine the local Kolmogorov time scale.
4.1.5 Microscale Reynolds number
The usual behavior of the microscale Reynolds number, RA = u'A/lv is its rapid
decay in the region immediately behind the grid, tending toward a constant farther
downstream [18]. Figure 4-7 presents RA as a function of z/M. The mean value of
RA was found to be about 60. For these data, the Taylor microscale A was determined
as follows:
Using a well-studied relationship between e and A [7],
= 15, (4.4)
and substituing for e from equation 4.3, we get an expression for A as:
A2 = 1g (X - x0) (4.5)Un
Furthermore, if we plug A, and u', taken from equation 3.1, into the definition of RA,
we are able to see the weak dependence of RA as a function of downstream distance.
This is readily shown by Figure 4-7.
4.1.6 Particle velocity response as function of inertia pa-
rameter T/Tik
Figures 4-8 to 4-14 present the direct measurements of dimensionless particle rms
velocity v' 2/u'2 (particle velocity response) as a function of the dimensionless time
ratio 7/rk (inertia parameter), at the seven z/M measuring stations, respectively.
Confidence envelopes have been calculated and presented in these figures.
Confidence intervals were obtained for all measured quantities to ensure that the
observed behavior is statistically significant. The 95% envelopes were selected since
they are the most popular uncertainty estimate. In order to determine the envelopes,
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Figure 4-6: Dissipation rate as function of z/M. Calculated according to equation
4.3.
I I 1 · 1 1 · · 1 1 i · · ·---------
. . . . . . . I I II I I I I I! .... !. .
200
150
140
107
100
jet experiment
channel flow
grid-turbulence
000
.... .... ................. ......... ... .... ................ .... ........... ................................ ................ 0 ... ....... 0 .......... ............. ....... ......... ..........0
_ _ _ ______
.............................. ......................................................................
I.... I....I
20 40 50 60
x/M
Figure 4-7: Microscale Reynolds number, RA = u'Al/v,, vs. z/M (grid-turbulence),
where A was calculated according to equation 4.5. Comparison to RA values for the
channel-flow and turbulent-jet experiments.
and due to the finite sample sizes (n), for particle rms velocities, we were required to
use the so-called x2 -distribution. These intervals are defined as [12]:
n- v'2  v' 2  n- v'2(- 1)( < () ) < ( )(V-,) (4.6)
X 2a/2 U2 U 2 expected X2 1-a/2 12
with a confidence of c% = (1-a), where a is usually called require level of significance.
In our case, a = (1 - 0.95) = 0.05, then a/2 = 0.025 and 1 - a/2 = 0.025.
Figures 4-8 to 4-10 do not present any significant increase in v' relative to u' as
suggested by previous studies of this type of particle velocity response analysis [12].
We can observe how the confidence intervals increase dramatically for 7/rk > 0.02.
This is caused by the lack of a sufficient number of large-inertia particles to provide
reliable statistics.
On the other hand, Figures 4-11 to 4-14 show the expected energization of the
particle response, v' 2 /u'2 . However, the peak in the response is somewhat higher
than the increase predicted by theory (equation 3.3). Theoretically, for the RA = 60
obtained in these experiments, an increase of 0.4% is expected at r/rk = 0.1. From
the experimental results, we observe a rise of about 10% at r/ rk= 0.1. Also, we note
how the graphs are being horizontally compressed toward 7/rk = 0.01 as the distance
from the grid increases. As x/M increases, the turbulent time-scales grow, giving as a
result, a lower dimensionless inertia parameter, for the same particle size. Moreover,
for these data the confidence envelopes blow up as r/rk > 0.01.
This energization corroborates, at least qualitatively, what is predicted by equa-
tion 3.3. However, this Eulerian analysis does not predict v' 2/u' 2 very well. A similar
disagreement was established by Simo [12] in the free-turbulent jet.
Additional variance may be present in the experimental results. It could result as
a consequence of the following:
* A constraint in these experiments is the limited sample size. The particle size
histograms are distributed in a log-normal fashion, with a median diameter
less than 10pm. So at a given location, the majority of the particle-phase is
characterized by small sub-inertial particles.
* Spatial biasing of number density owing to particle inertia [9].
* Presence of shear stress in the flow. The vertical velocity gradient could cause
an increase in the particle velocity fluctuations.
An explanation of the energization in a grid-turbulence flow could simply be as
the result of the lagging in decay of the response of the particle fluctuations v' relative
to the gas-phase turbulence u'. The purpose of the steady channel-flow turbulence
experiments is to confirm the validity of such explanation. In such type of flow, no
augmentation of v' is expected.
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Figure 4-12: 95% Confidence envelopes for the dimensionless Particle velocity re-
sponse (v'2/u' 2 ) at z/M = 40, RA = 60.
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4.2 Channel-flow
Measurements were made along the centerline of the channel placed inside the tunnel
test-section. Four measuring stations were used in the streamwise direction (x), at
distances from the channel inlet of z/Dh = 14, 16, 18, 20, respectively, where Dh
is the channel hydraulic diameter. Data were acquired for a channel of a width of
w = 2 cm, which implies Dh = 4 cm . All runs had a center-line speed of about 13.5
m/s. At each station, 10 runs of 5,000 samples were recorded, and averaged using
"average.pas". In this case the number of samples was limited by the duration of the
runs. The runs had to be short in time in order to avoid the fogging of the windows,
due to particle deposition. As soon as the windows started to get wetted the data
had to be discarded because of the increasing uncertainty in the determination of the
particle size by the PDPA.
4.2.1 Number density and probability distribution
Figure 4-15 displays the number density N measurements at Z/Dh stations. The
average value of N is about 175 particles/cc. Then, mass loadings are also kept low
in these experiments.
Figure 4-16 shows the particle probability distribution determined at z/Dh sta-
tions. We can see how, for dp > 5pm, the shape of the probability distribution is
maintained along the streamwise direction z, while a small variation is presented for
lower dp. This loss of the very smallest particles is attributed to deposition, manifested
in these experiments as fogging of the channel walls.
4.2.2 Particle centerline and rms velocities
The particle centerline velocities are presented in Figure 4-17 as a function of particle
diameter for the four Z/Dh stations.
Here, we observe a negligible variation (+0.3%) in the gas-phase centerline speed
for the different stations. The curves show high statistical fluctuations for particles
of d, > 10prm.
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Figure 4-15: Number density at x/Dh stations. Channel-flow experiment.
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Figure 4-18 displays the particle rms velocities as a function of particle diameter
for the four z/Dh stations. The gas-phase rms velocity shows no significant variation
in the streawise direction (steady turbulence). The particle rms velocity decreases
with particle size. For dp > 10ILm very high statistical fluctuations are present.
4.2.3 Dissipation rate and microscale Reynolds number es-
timates
For a steady channel-flow, Laufer (1954) presents a simple expression to determine the
viscous dissipation e in terms of the friction velocity u, and the hydraulic diameter
Dh as:
e = 4u• 3/Dh (4.7)
For this type of flow, the friction velocity can be determined as:
un = U(f /8) ½  (4.8)
where f is the friction factor, which is determined for smooth walls using the Blasius
formula,
f = 0.316ReDh- T (4.9)
where ReD, = UDhl/v is the macroscale Reynolds number of the flow. Also, in order
to estimate the mean velocity U from the measured centerline velocity UI1, a useful
relation was used. Being as:
(-) 2 1 + 1.33j (4.10)
Applying all of the above relations, and after iterative calculations, we determined
that the channel-flow experiments were conducted at ReDh 27, 000, which confirms
the presence of turbulent conditions observed in the channel. Additionally, the viscous
dissipation rate calculated was about 24 m2 /s3 .
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Figure 4-18: Particle rms velocity v' vs. Particle diameter d, at x/Dh stations. High
statistical fluctuations for d, > 1Opm
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The Taylor microscale, A , was estimated using the relationship between e and
A given by equation 4.4. Though this expression assumes homogeneous turbulence,
it may be taken as a good approximation at the channel centerline. Thus, for these
experiments, RA ~ 107.
4.2.4 Particle velocity response as function of inertia pa-
rameter 7/7rk
Figures 4-19 to 4-22 presents the direct measurements of dimensionless particle rums
velocity v' 2/u' 2 (particle velocity response) as a function of the dimensionless time
ratio 7/-ik (inertia parameter), at the four Z/Dh measuring stations, respectively. Also
here, 95% confidence envelopes were calculated and presented according to expression
4.6. However, in this case the confidence intervals were wider than in the grid-
turbulence experiments since the degree of freedom (n - 1) was much lower.
Figures 4-19 and 4-20 suggest an increase in v' relative to u' that cannot be
considered significant owing to the crossing of unity level showed by the calculated
confidence envelopes. However, Figure 4-21 does present a statistically relevant aug-
mentation in v', not expected in steady turbulence. As it is seen in this figure, the
lower confidence envelope rises above unity for the range of particle sizes between
7/rk-= 0.01 and 0.2. A noteworthy aberration is shown at x/Dh = 20 (see Figure
4-22) where this trend entirely disappears. Again, we can observe how the confidence
intervals increase dramatically for r/rk > 0.02.
From the experimental results, we expect a rise of about 10% at r-/1k = 0.1
This rise of the particle response in a steady-turbulent flow suggests that the be-
havior observed in the grid-turbulence and turbulent jet experiments is a real physical
phenomenon; inherent to mildy inertial aerosols, and not just a consequence of the
lag in the decaying of particle fluctuations compared to those of the gas phase.
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Figure 4-19: 95% Confidence envelopes for the dimensionless Particle velocity re-
sponse (v2 /u' ) at /IDh = 14, RA = 107.
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Figure 4-20: 95% Confidence envelopes for the dimensionless Particle velocity re-
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Figure 4-21: 95% Confidence envelopes for the dimensionless Particle velocity re-
sponse (v'2/U2) at Z/Dh = 18, RA = 107.
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4.3 Comparison of results to previous work
Once the results of the experiments were discussed separately, it is our intention to
compare these experimental data to the results obtained by Simo [12] in his free-
turbulent jet experiments.
Before doing this, we want to emphasize a suspected error present in his data
reductions. During this study, we detected an error in one of the data-analysis routines
developed by Simo, 1991. Specifically, in the code used to obtained the particle
velocity response curves v',/U'2 as function of r/rk. The program in reference did not
actually square v'/u'. Special attention was given to this problem, and the code was
properly modified.
Figures 4-23, 4-24, and 4-25 present the dimensionless particle velocity response
v' 2 /u' 2 at RA = 140, 229, and 261, respectively. These data are the corrected values
of velocity variance showed by the particles in the free-turbulent jet experiments.
Our comparison of the results obtained in the different turbulent flows is based
on:
* Increase in particle response v,/u '2.
* Effect of the microscale Reynolds number on such augmentation.
* Inertia parameter r/rk at which the maximum v' 2 /u'2 occurs.
The experimental data of the three experiments show an increase in particle re-
sponse v' 2 /u'2 . For the homogeneous turbulence experiments, turbulent jet and grid-
turbulence, the Eulerian analysis (equation 3.3) predicts this augmentation. However,
quantitatively, the agreement of this theory with the experimental data is rather poor.
The inverse proportionality of the energization with RA also shown in equation 3.3
is clearly observed comparing the particle response curves of the studied experiments.
For RA = 60 (grid-turbulence experiment), at r/rk = 0.1, it predicts an increase
v' 2/u' 2 of 0.4% while experimental data show about 10%, and considering RA = 140
(turbulent-jet, [12]), theory estimates an increase v'2 /u'2 of .7% at r/rk = 1 while the
corrected experimental data show about 6%.
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It is important to mention how the peak in v'2/' 2 occurs at different r/-r for the
different flows. The shift in r7/l may be caused by a difference between large-eddy
and small-eddy decay rates which appears as RA varies.
Chapter 5
Conclusions
Measurements of the velocity response of inertial aerosols have been made as function
of particle inertia in two different turbulent fields: grid-turbulence flow and fully-
developed channel flow. Experiments were conducted in a wind tunnel designed and
fabricated to study the behavior of inertial aerosols in this type of flows [3]. Micron-
sized water droplets, mildy seeded in the tunnel flow, were used as the experimental
vehicle. In addition, the results were compared to the previous study of particle
motion in a free-turbulent jet [12].
The data collected in the grid-turbulence experiments presented a rise in the
particle velocity response, v'2 / '2 , similar to the increase shown by the aerosols in the
turbulent jet experiments. Additionally, channel-flow experiments were carried out to
confirm such behavior as inherent to the particles and not to the decaying character
of such flows. The former was suggested by unexpected results in the fully developed
flow (steady turbulence).
The presence of such augmentation in three separate flows contradicts all classical
theory and may verify its validity as a real physical phenomenon.
The qualitative trend of Eulerian analysis (equation 3.3) was corroborated. Nev-
ertheless, as compared to the experimental results, the theory somewhat under-
estimates the energization peak in the particle rms velocity (v') relative to the gas-
phase rms velocity (u'). For RA = 60 (grid-turbulence experiment), at r7/Tr = 0.1,
it predicts an increase v'2 /u'2 of 0.4% while experimental data show about 10%, and
considering RA = 140 (turbulent-jet, [12]), theory estimates an increase v'2/u'2 of .7%
at r/rk = 1 while the corrected experimental data show about 6%. Disagreement may
be caused by spatial biasing of number density due to particle inertia [9].
Additionally, results show the peak in v'2/u'2 occurs at different 7r/r for the
studied flows. The shift in r/ rkmay be caused by a difference between large-eddy
and small-eddy decay rates which appears as RA varies.
Among the problems encountered during this study, the irregularities in the per-
formance of the tunnel found during its testing [3] may have accounted for some
additional particle variance in the experimental results. Recommendations to over-
come the shortcomings are suggested.
* Insufficient number of large inertia particles. The undersampling of these par-
ticles leads to the statistical fluctuations showed by the results for this range of
particle size. In addition, this incapability put an upper bound on the range of
r/mr studied (r/ir < 1).
* Presence of a vertical velocity gradient in the tunnel velocity profiles. As it
was shown by Child [3], the characteristics of this gradient does not affect the
gas-phase flow. However, on the particle motion point of view, it could produce
some migration of particles vertically between the slower and faster regions,
thus increasing the velocity variance measured.
Further work in this field should definitely address such concerns. Lengthening of
the streamwise dimensions of the tunnel should help a great deal. Particularly, the
increase in length of the intended seeding section.
Channel flow experiments should be conducted increasing the channel width, in
order to avoid the problems related to the relative sudden deposition of small particles
on the walls. Nevertheless, there is a trade-off between the channel width and the
length of test section required to achieve turbulent fully-developed conditions inside
the channel.
Hot-wire measurements should be improved by reducing the system's electronic
noise. High quality low-pass filters may help in achieving this objective.
Appendix A
Raw data tables
A.1 Grid-turbulence experiments.
Raw data for nondimensional particle reponse v'2/u '2 Vs.
stations.
7/ rk at different x/M
0.002206
0.006272
0.012538
0.020793
0.031318
0.043762
0.058548
0.075182
0.094227
0.115050
0.137950
0.163368
0.190457
0.220136
0.251414
0.285353
0.320820
0.359019
0.398676
0.441135
0.484981
0.531700
0.579736
0.630715
0.682940
1.000000
0.997895
1.023728
0.999158
1.019470
0.984893
1.005061
1.000421
1.046872
1.042567
1.021172
1.015222
1.001686
1.019896
1.080759
0.967828
0.976550
0.981134
0.878018
0.924400
0.974054
1.073764
1.033126
0.678507
1.120976
Table A.1: Particle response data at x/M = 20 (RA = 60).
0.001656
0.004709
0.009412
0.015609
0.023511
0.032853
0.043952
0.056439
0.070737
0.086369
0.103560
0.122642
0.142978
0.165257
0.188738
0.214216
0.240842
0.269518
0.299288
0.331163
0.364078
0.399151
0.435211
0.473482
0.512687
1.000000
0.987061
0.974664
0.976038
0.957349
0.952366
0.976954
0.987522
0.997220
0.995832
0.993520
1.020503
0.976496
1.052122
0.955083
0.960073
1.054501
1.065001
1.062132
1.023315
0.895335
1.009294
0.811419
0.896652
0.970093
Table A.2: Particle response data at x/M = 25 (RA = 60).
0.001326
0.003770
0.007535
0.012497
0.018823
0.026302
0.035189
0.045186
0.056633
0.069148
0.082911
0.098188
0.114469
0.132307
0.151106
0.171504
0.192820
0.215779
0.239613
0.265132
0.291485
0.319564
0.348435
0.379074
0.410462
V02/U i 2
1.000000
1.000000
1.015686
0.996475
1.001513
0.985436
1.012641
1.003531
1.022810
1.069202
1.001513
1.002522
0.989945
1.028425
1.095420
1.093838
1.056730
1.029959
1.113961
1.017211
1.034055
0.919530
0.939942
1.058804
0.858238
Table A.3: Particle response data at x/M = 30 (RA = 60).
0.001093
0.003106
0.006209
0.010297
0.015509
0.021672
0.028994
0.037231
0.046662
0.056974
0.068314
0.080902
0.094316
0.109013
0.124503
0.141310
0.158873
0.177790
0.197428
0.218455
0.240168
0.263303
0.287091
0.312336
0.338199
1.000000
1.016678
1.027511
0.998393
1.011821
1.030228
1.029140
1.059251
1.059251
1.087559
1.069199
1.078081
1.058148
1.121341
1.051545
1.009129
1.015597
1.100448
1.023170
0.967059
1.163139
0.900796
0.890149
1.006977
0.885101
Table A.4: Particle response data at x/M = 35 (RA = 60).
r/rk
0.000965
0.002743
0.005482
0.009092
0.013695
0.019136
0.025601
0.032875
0.041203
0.050308
0.060322
0.071437
0.083282
0.096259
0.109937
0.124777
0.140286
0.156989
0.174330
0.192896
0.212069
0.232498
0.253503
0.275795
0.298631
1.000000
1.002254
1.018099
1.002254
1.035788
1.030637
1.038655
1.064638
1.068127
1.111030
1.118163
1.090355
1.059995
1.035788
1.077458
1.110437
1.100373
1.032352
1.092119
1.134297
1.102736
1.136697
1.319394
0.972600
0.897479
Table A.5: Particle response data at x/M = 40 (RA = 60).
0.000822
0.002337
0.004670
0.007746
0.011667
0.016302
0.021810
0.028007
0.035102
0.042859
0.051389
0.060858
0.070949
0.082005
0.093657
0.106300
0.119512
0.133742
0.148515
0.164332
0.180665
0.198069
0.215963
0.234954
0.254409
1.000000
1.025461
1.018154
1.037085
1.026682
1.046307
1.045075
1.067363
1.106298
1.124750
1.119644
1.107566
1.102500
1.058048
1.067363
0.990385
1.145932
1.059287
1.056809
1.055571
1.173176
1.117733
1.053715
0.923799
0.971293
Table A.6: Particle response data at x/M = 45 (RA = 60).
0.000718
0.002042
0.004081
0.006767
0.010193
0.014243
0.019056
0.024470
0.030668
0.037446
0.044899
0.053172
0.061989
0.071648
0.081828
0.092874
0.104418
0.116851
0.129758
0.143577
0.157848
0.173054
0.188688
0.205280
0.222278
1.000000
1.009029
1.022649
1.031127
1.040295
1.047527
1.086746
1.070040
1.087417
1.143826
1.145892
1.077375
1.058754
1.061404
1.085405
1.105610
1.038983
1.143826
1.021348
1.244359
1.086746
1.121909
1.052143
1.146581
0.926747
Table A.7: Particle response data at x/M = 50 (RA = 60).
A.2 Channel-flow experiments.
Raw data for nondimensional particle reponse v',/u '2 vs. r/,rk at different x/Dh
stations.
0.002466
0.007011
0.014013
0.023240
0.035004
0.048913
0.065439
0.084031
0.105318
0.128592
0.154187
0.182597
0.212875
0.246046
0.281006
0.318939
0.358582
0.401277
0.445601
0.493058
0.542064
0.594283
0.647972
0.704952
0.763323
1.000000
1.048966
1.058956
1.030537
0.991122
1.002504
1.079947
1.077925
1.042142
1.042710
1.016472
1.032796
1.152496
0.950849
0.981182
0.849842
1.016472
0.686090
0.971566
6.714677
1.387241
0.405071
0.479142
3.602063
0.930355
Table A.8: Particle response data at z/Dh = 14 (RA = 107).
0.002466
0.007011
0.014013
0.023240
0.035004
0.048913
0.065439
0.084031
0.105318
0.128592
0.154187
0.182597
0.212875
0.246046
0.281006
0.318939
0.358582
0.401277
0.445601
0.493058
0.542064
0.594283
0.647972
0.704952
0.763323
1.000000
1.077660
1.000797
1.063100
1.009582
1.065291
1.072154
1.082904
1.076558
1.042937
1.125312
1.154797
1.102890
0.998407
0.839710
1.088714
0.780450
0.584823
1.010383
7.112999
0.535159
0.727429
0.733329
0.713231
0.870896
Table A.9: Particle response data at x/Dh = 16 (RA = 107).
0.002466
0.007011
0.014013
0.023240
0.035004
0.048913
0.065439
0.084031
0.105318
0.128592
0.154187
0.182597
0.212875
0.246046
0.281006
0.318939
0.358582
0.401277
0.445601
0.493058
0.542064
0.594283
0.647972
0.704952
0.763323
1.000000
1.093437
1.233231
1.122664
1.199546
1.094308
1.128556
1.042933
1.267070
1.200155
1.152277
1.387640
0.894906
0.995839
0.795150
0.931789
1.015610
7.839689
0.952270
0.894381
0.758928
2.650617
1.246836
0.710853
1.509592
Table A.10: Particle response data at z/Dh = 18 (RA = 107).
0.002466
0.007011
0.014013
0.023240
0.035004
0.048913
0.065439
0.084031
0.105318
0.128592
0.154187
0.182597
0.212875
0.246046
0.281006
0.318939
0.358582
0.401277
0.445601
0.493058
0.542064
0.594283
0.647972
0.704952
0.763323
1.000000
0.981457
0.975928
1.004796
0.969105
0.977243
0.900415
0.986738
0.932516
0.920987
1.030299
0.951112
0.966487
0.936375
0.869373
0.714660
1.004796
0.661035
1.434257
0.574691
0.622661
0.691896
1.111530
1.239600
0.752957
Table A.11: Particle response data at z/Dh = 20 (RA = 107).
A.3 Free-turbulent jet experiments. Corrected
data.
Raw data for nondimensional particle reponse v'2/U '2 VS. r/rk smoothed data at
different RA. This is the corrected version of Simo's [12] data.
-/ri 1r/V l
Table A.12: Smoothed particle-response data at RA = 140.
0.004104
0.011752
0.023334
0.038850
0.058299
0.081682
0.109295
0.140585
0.175808
0.214965
0.258055
0.305079
0.356037
0.410928
0.470367
0.533165
0.599897
0.670562
0.745161
0.823693
0.906159
0.992558
1.083824
1.178130
1.276370
1.378544
1.484651
1.594692
1.708666
1.826574
1.949666
2.075480
2.205229
2.338910
2.476526
2.618075
2.763557
2.912937
3.067892
3.225215
1.000000
1.025140
1.026720
1.031018
1.027172
1.058149
1.065504
1.041236
1.041236
1.073347
1.047163
1.040781
1.075891
1.064813
1.051277
1.044426
1.046250
1.068730
1.045338
1.046023
1.068500
1.029435
1.049219
1.014103
1.029660
1.041010
0.997102
1.047619
1.033512
0.969894
1.025816
1.014103
1.062973
0.978037
1.009838
0.967040
0.978037
0.934630
1.014776
1.009166
0.011216
0.016987
0.034832
0.048650
0.069160
0.096596
0.115147
0.160825
0.172793
0.241338
0.242097
0.323937
0.338135
0.416676
0.452441
0.521074
0.581969
0.637130
0.727781
0.764845
0.889876
0.904219
1.055252
1.068255
1.217943
1.262918
1.394113
1.473864
1.580239
1.701093
1.778024
1.947149
1.987467
2.207111
2.208569
2.441330
2.483335
2.685749
2.775884
2.941827
3.084696
v12 / U 2
1.000000
1.000000
1.047036
0.983827
1.065197
1.022596
1.075669
0.948564
1.038801
1.020495
1.054069
1.070339
1.045831
1.004982
1.024888
1.009453
0.966672
1.022254
1.048922
1.051254
1.010601
1.013599
1.021560
1.009273
1.039500
0.961111
1.015501
1.015543
1.014463
0.979898
0.982235
0.994718
1.000000
1.015543
1.015328
1.002918
0.975604
1.012219
1.028141
0.994005
0.985888
Table A.13: Smoothed particle-response data at RA = 229.
0.014899
0.042669
0.084720
0.141053
0.211668
0.296564
0.396817
0.510421
0.638306
0.780473
0.936922
1.107652
1.292664
1.491958
1.707763
1.935764
2.178047
2.434611
2.705457
2.990585
3.289994
3.603685
3.935043
1.000000
1.021932
1.032721
0.977915
0.999080
1.070314
1.030052
0.983381
1.012522
1.026320
1.004543
0.974281
1.046117
1.024722
0.997505
0.993048
1.018747
1.032321
0.994226
0.998292
1.013316
1.016360
1.013052
Table A.14: Smoothed particle-response data at RA = 261.
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